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Available online 27 February 2016AbstractThe orderedisorder temperature (Toed) of Ba[(Co0.6Zn0.4)1/3Nb2/3]O3 ceramics was determined via X-ray diffraction, Raman spectroscopy
and differential thermal analysis, respectively. Toed was determined to be between 1425 and 1450
C by a quenching method. The endothermic
peak in the DTA curve shows the orderedisorder transition. B2O3 was applied to tune the densification temperature (Ts) and tailor the microwave
dielectric properties. The ordering degree and unloaded quality factor (Qf ) are improved when Ts is reduced to 1400
C at B2O3 content of
0.25 mol%. Ts is further decreased and the ordering degree and Qf are decreased when B2O3 content is increased to 0.5 mol%. The dielectric
constant (εr) and temperature coefficient of resonant frequency (tf) decrease slightly with increasing B2O3 content. The optimum microwave
dielectric properties (i.e., εr ¼ 34.0, Qf ¼ 50,400 GHz, tf ¼ 5.5  106/C) are obtained for the Ba[(Co0.6Zn0.4)1/3Nb2/3]O3-0.25 mol% B2O3
ceramics sintered at a lower temperature.
© 2016 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The performance of microwave components has been
significantly enhanced due to the development of the micro-
wave dielectric ceramics. With the rapid development of
wireless telecommunication, the high-performance microwave
dielectric ceramics have attracted recent attention. In practical
applications for resonators and filters, microwave dielectric
ceramics possess a high dielectric constant (εr), a high
unloaded quality factor (Qf ), and a near-zero temperature
coefficient of resonant frequency (tf). These properties are
critical for bulk miniaturization, high frequency selectivity,
and temperature stability of the system, respectively. It is thus
important for millimeter wave telecommunication to develop
microwave dielectric ceramics with ultra-high Qf. The Ba(B01/* Corresponding author.
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2/3)O3 complex perovskites (B
0 ¼ Mg, Zn, Co, Ni;
B00 ¼ Ta, Nb) are good candidates for the millimeter wave
telecommunication applications due to the extremely high Qf
in microwave range [1e4]. These complex perovskites can
form an ordered structure (space group P3 m1) or a disordered
structure (space group Pm3m) depending on the processing
conditions. In the ordered structure, B0 and B00 cations repeat
in a 1:2 { … B0B00B00 … } sequence along one of the <111>c
directions in the parent cubic cell, while in the disordered
structure, they distribute randomly in the BO6 octahedra. The
ordering of B-site cations is proved to dominate the micro-
wave dielectric properties, especially Qf [5e9]. Substitution of
cations [10], post-densification annealing [7] and non-
stoichiometry [11,12] are applied to control the cations
ordering and improve the microwave dielectric properties. The
critical temperature above which the ordered structure transits
into the disordered structure, is regarded as an orderedisorder
temperature Toed. It was suggested that Toed could depend on
the difference in charges and radii between the B0 and B00er B.V. This is an open access article under the CC BY-NC-ND license (http://
Fig. 1. Schematic diagram illustrating the procedure for determining the
orderedisorder temperature Toed of Ba[(Co0.6Zn0.4)1/3Nb2/3]O3 ceramics.
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only when the processing temperature is below Toed.
The Ba(B01/3Nb2/3)O3 complex perovskites are attracting
more and more interests for its higher cost-efficiency than the
Ba(B01/3Ta2/3)O3 analog (Nb2O5 is much cheaper than Ta2O5).
However, for Ba(B01/3Nb2/3)O3 complex perovskites, there are
two main issues to be solved: 1) the tf is unacceptable for
practical applications [8,14], and 2) the Toed is much lower
than that of the Ba(B01/3Ta2/3)O3, during heat treatments, they
are susceptible to orderedisorder transition, and secondary
phases are usually formed [15e18]. It was found that the tf of
Ba(B01/3Nb2/3)O3 depends on the B0 cation, a mixed B0-site
route is effective in tuning tf in the Ba(B
0
1/3Nb2/3)O3 systems
[18e22]. Near-zero tf can be obtained for the Ba[(Co,Zn)1/
3Nb2/3]O3 microwave dielectric ceramics with mixed Co/Zn
cations at the B0-site [18,19]. Some studies showed the
improvement for Ba[(Co,Zn)1/3Nb2/3]O3 microwave dielectric
ceramics [23,24], however, little work on the determination of
the Toed for Ba[(Co,Zn)1/3Nb2/3]O3 has been reported. Since
Toed is quite critical in designing the processing procedure for
Ba[(Co,Zn)1/3Nb2/3]O3 ceramics, it is important to determine
the Toed. Also, the ordering state of the as-prepared Ba
[(Co,Zn)1/3Nb2/3]O3 ceramics depends on the gap between
Toed and the densification temperature (Ts). In order to obtain
ceramics with well-ordered crystal structure, it requires Ts to
be below Toed. The gap between Toed and Ts can be tuned (by
increasing Toed or decreasing Ts) to ensure that Ts is below
Toed. Mg-substitution was found to be effective in increasing
the Toed of Ba[(Co0.6Zn0.4)1/3Nb2/3]O3 ceramics, and the mi-
crowave dielectric properties were improved [25].
In this paper, Toed of Ba[(Co0.6Zn0.4)1/3Nb2/3]O3 ceramics
was investigated. Based on the determination of Toed, B2O3
was applied to tailor the gap between Ts and Toed by
decreasing Ts. The orderedisorder transition, structure and
microstructure related to the microwave dielectric properties
were discussed.
2. Experimental procedure
The samples of Ba[(Co0.6Zn0.4)1/3Nb2/3]O3-xB2O3 (x ¼ 0,
0.25 mol%, 0.5 mol%) ceramics were prepared by a procedure
including two steps. Firstly, Ba[(Co0.6Zn0.4)1/3Nb2/3]O3 pow-
ders were synthesized by a solidestate reaction method, with
high purity carbonate and oxide powders, i.e., BaCO3
(99.99%), CoO (99.9%), ZnO (99.95%), MgO (99.9%), and
Nb2O5 (99.99%). The stoichiometric quantities of the powders
were weighted, and mixed by ball milling with zirconia balls
and ethanol as grinding media in plastic jars for 24 h. The
mixtures were firstly calcined at 1150 C in air for 3 h after
drying, and then, B2O3 was added to the calcined powders, and
the mixture powders were ground for 24 h. After that, the
powders were granulated with ~6 wt% polyvinyl alcohol
(PVA) solution and pressed into cylindrical pellets of 12 mm
in diameter and 2e6 mm in thickness under a pressure of
98 MPa. The green pellets were sintered at 1350e1475 C
(depending on the compositions) in air for 3 h to yield ce-
ramics. After cooling down to 1100 C at a rate of 2 C/min,the as-sintered ceramics were cooled down to room tempera-
ture naturally.
The procedure for determining the orderedisorder tem-
perature Toed was designed as follows: The Ba[(Co0.6Zn0.4)1/
3Nb2/3]O3 ceramics sintered at 1450
C/3 h were annealed at
1400 C, 1425 C, 1450 C and 1475 C for 12 h, respectively,
and then quenched in air immediately. The cations ordering
state at various temperatures for the quenched samples was
determined by X-ray diffraction (XRD) and Raman spectros-
copy. The ceramics sintered at 1450 C/3 h were annealed at
1400 C for 24 h to obtained samples with sufficiently ordered
crystal structure, and these samples were then subjected to
differential thermal analysis (DTA). Fig. 1 shows a schematic
diagram illustrating the procedure.
The phase compositions of the ceramics after crushing and
grinding were determined by XRD using Cu Ka radiation
(RIGAKU D/max 2550/PC, Rigaku Co., Tokyo, Japan). The
microstructures were analyzed by scanning electron micro-
scopy (SEM) (SIRION-100, FEI Co., Eindhoven, the
Netherlands). The pellets were polished to a roughness of
around 0.5 mm and subjected to Raman measurements at room
temperature using a Raman spectrometer (Lab.HR800, Jobin
Yvon, France) with Ar laser line of 514.5 nm as an excitation
source. The spectra were recorded from 50 to 1000 cm1. The
DTA was performed using a differential thermal analyzer
(STA 449C, Netzsch, Bavaria, Germany) under nitrogen at-
mosphere. The heating rate was 10 C/min from room tem-
perature to 1300 C, and 5 C/min from 1300 C to 1500 C.
The bulk density of the ceramics was measured via the
Archimedes method. The dielectric constant (εr) and quality
factor (Q) were evaluated by the Hakki-Coleman method [26]
and cavity method [27] using a vector network analyzer
(Agilent 8753ES, Agilent Technologies Inc., Santa Clara, CA,
USA), respectively. Because Q generally varies with the fre-
quency in the microwave region, the product of Qf was used to
evaluate the dielectric loss instead of Q. The temperature co-
efficient of resonant frequency (tf) was measured at
20e80 C.
3. Results and discussion
Fig. 2 shows the relative density and Qf as a function of
sintering temperature for Ba[(Co0.6Zn0.4)1/3Nb2/3]O3 (BCZN)
ceramics. The relative density and Qf vary in the same trend,
Fig. 2. Relative density and Qf of Ba[(Co0.6Zn0.4)1/3Nb2/3]O3 ceramics as
functions of sintering temperature.
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1450 C, which can be determined as the densification tem-
perature Ts. A more important parameter, the orderedisorder
temperature Toed, is rather critical for the cations ordering
state, which has a dominant effect on Qf. If Toed < Ts, the
maximum Qf is not the optimal value (see Fig. 2). This is
because the cations ordering cannot occur during sintering and
the ceramics are of poorly ordered crystal structure. In this
case, Toed needs to be determined for the optimization of Qf.
Fig. 3 shows the XRD patterns of the quenched BCZN
ceramics after annealing at 1400e1475 C for 12 h. The
duration of 12 h guarantees either an ordered crystal structure
(annealing temperature < Toed) or a disordered crystal struc-
ture (annealing temperature > Toed), and quenching in air
retains the stable phase (ordered/disordered) at a certain
temperature. The sample quenched at 1400 C is single-
phased, while secondary phases exist in the samples
quenched at 1425e1475 C. All the samples quenched atFig. 3. XRD patterns of the quenched Ba[(Co0.6Zn0.4)1/3Nb2/3]O3 ceramics
after annealing at 1400e1475 C for 12 h.1425e1475 C contain Ba8(Zn,Co)Nb6O24, and the sample
quenched at 1450 C contains one more secondary phase
Ba5Nb4O15. Such Zn/Co-poor secondary phases appeared in
the preparation of Ba(Zn1/3Nb2/3)O3 and Ba(Co1/3Co2/3)O3
ceramics [28e30]. The (100) peak (2qz 17.6) related to 1:2
cations ordering appears for the samples quenched at 1400 C
and 1425 C, while it is hardly visible for the samples
quenched at 1450 C and 1475 C. The amplified XRD pat-
terns in the range of 2q ¼ 10e20 (see Fig. 4a) provide a
better observation of the 1:2 ordering peaks, indicating that the
samples quenched at 1400 C and 1425 C produce the sharp
1:2 ordering peaks, while such peaks are still not obvious in
the samples quenched at 1450 C and 1475 C. The cations
ordering state can be further evaluated by the diffraction pat-
terns at around 2q ¼ 115 (see Fig. 4b). The 1:2 ordering of B0
and B00 cations in Ba(B01/3B002/3)O3 complex perovskites pro-
duces the crystal lattice distortion (lattice axis ratio c/
a >
ﬃﬃﬃﬃﬃﬃﬃ
3=2
p
z 1.2247), resulting in the splitting of (422) and
(226) reflections. The splitting of the peaks occurs for the
samples quenched at 1400 C and 1425 C, these peaks in the
hexagonal crystal system are indexed as the Ka1 peaks of
(422), (226) and the Ka2 peaks of (422), (226) from lower to
higher 2q, respectively [8]. Furthermore, the peak splitting for
the sample quenched at 1425 C is more obvious than that for
the sample quenched at 1400 C, indicating that the cations
ordering degree in the former is greater than that in the latter.
However, no peak splitting occurs for the samples quenched at
1450 C and 1475 C, and the peaks are indexed as Ka1 peak
and Ka2 peak of (420) from lower to higher 2q, respectively,
indicating a poorly ordered crystal structure.
For the Ba(B01/3B002/3)O3 complex perovskite, factor group
analysis based on the crystal symmetry indicates that the 1:2
ordering of B0 and B00 cations produces 9 Raman-active modes
[31e33]. Two Ba ions at 2d Wyckoff site produce Raman
modes GBa ¼ AlgðBaÞ þ EgðBaÞ, two Nb ions at 2d Wyckoff
site produce Raman modes GNb ¼ AlgðNbÞ þ EgðNbÞ, and 6 O
ions at 6i Wyckoff site produce Raman modes
GO ¼ 2AlgðOÞ þ 3EgðOÞ, while the B0 ions at the 1a Wyckoff
site do not contribute to the Raman active modes. Fig. 5 shows
the Raman spectra of the quenched BCZN ceramics after
annealing at 1400e1475 C for 12 h. The Raman spectra of
the samples quenched at 1400e1425 C are similar to those
for the 1:2 ordered structure in the previous studies
[31,34e36], and the nine Raman peaks can be identified for
the samples quenched at 1400 C and 1425 C, two of them
are over lapped ones (F2g(Ba) ¼ A1g(Ba) þ Eg(Ba),
F2g(O) ¼ A1g(O) þ Eg(O)), while fewer peaks appear for the
samples quenched at 1450 C and 1475 C. The three peaks
locating at 150e350 cm1 are related to 1:2 cations ordering,
and the intensity of them can be a qualitative evaluation of the
cations ordering [34]. For the samples quenched at 1400 C
and 1425 C, these peaks are rather obvious, implying that
well-ordered crystal structure is formed. For the samples
quenched at 1450 C and 1475 C, these peaks are diffuse and
hardly observable, indicating a poorly ordered crystal struc-
ture. Furthermore, the splitting of the F2g(Ba) peak (around
105 cm1) and red-shift of the A1g(O) peak (around 790 cm
1)
Fig. 4. Amplified XRD patterns of the quenched Ba[(Co0.6Zn0.4)1/3Nb2/3]O3 ceramics after annealing at 1400e1475
C for 12 h: (a) 2q ¼ 10e20,
(b) 2q ¼ 114e116.
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Based on the results of XRD and Raman spectroscopy, the
stable phase at 1400e1425 C is ordered, while that at
1450e1475 C is disordered. During the thermal treatment at
1400e1425 C, the Zn/Co cations tend to occupy B0 sites, and
the Nb cations tend to occupy B00 sites, creating an ordered
crystal structure. During thermal treatment at 1450e1475 C,
the Zn/Co cations and Nb cations tend to randomly occupy B0
and B00 sites, resulting in a disordered crystal structure. The
cations diffusion behavior in the thermal treatment implies
that the orderedisorder transition occurs at 1425e1450 C,
therefore, Toed of the BCZN ceramics determined is
1425e1450 C. However, the quenching method is an indirect
one for determining Toed, and it is complicated and time-
consuming.
From the viewpoint of thermodynamics, the entropy of a
disordered phase is greater than that of an ordered one, theFig. 5. Raman spectra of the quenched Ba[(Co0.6Zn0.4)1/3Nb2/3]O3 ceramics
after annealing at 1400e1475 C for 12 h.transition from an ordered phase to a disordered one is thus an
endothermic process. The orderedisorder transition can be
signaled by an endothermic peak in the DTA curve, and the
temperature corresponding to the endothermic peak can be
considered as Toed. In this case, DTA can provide a direct and
fast characterization for the orderedisorder transition. Fig. 6
shows the DTA curve of the BCZN ceramics. The initial
sample is well ordered, two endothermic peaks can be
observed during the heating process. The endothermic peak at
a lower temperature (around 1300 C) results from the change
of heating rate (i.e., 10/ 5 C/min), the endothermic peak at
a higher temperature (i.e., slightly higher than 1400 C) can be
ascribed to the orderedisorder transition. The Toed determined
by DTA is consistent with that determined by the quenching
method when the error limit is taken into account.
The XRD and DTA results suggest that the orderedisorder
temperature (Toed) of BCZN ceramics lies below theFig. 6. DTA curve of the Ba[(Co0.6Zn0.4)1/3Nb2/3]O3 ceramics annealed at
1400 C for 24 h.
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C). This implies that
the cations ordering degree in BCZN ceramics sintered at
1450 C cannot be high. Decreasing Ts and making it possible
to densify the ceramics below Toed should be an effective way
to enhance the cations ordering and improve the Qf. B2O3 has
been proved to decrease the densification temperature of some
related systems effectively [22,37e39], and it is applied to
BCZN ceramics for the same purpose. Fig. 7 shows the rela-
tive density and Qf as a function of sintering temperature for
the BCZN-xB2O3 (BCZNB) ceramics. In Fig. 7a, the addition
of B2O3 significantly decreases the densification temperature
(Ts), 0.25 mol% B2O3 enables the densification at 1400
C,
which is 50 C lower than the Ts of BCZN ceramics without
B2O3 addition, and 0.5 mol% B2O3 even decreases Ts to lower
than 1350 C. The maximum Qf for the sample with 0.25 mol
% B2O3 is obtained at 1425
C, and the maximum Qf for the
sample with 0.5 mol% B2O3 is obtained at 1400
C (see
Fig. 7b). Noted that Qf for the sample with 0.25 mol% B2O3
increases from 46,700 GHz to 50,400 GHz, and decreases to
45,200 GHz again for the sample with B2O3 content up to
0.5 mol%. Fig. 8 shows the XRD patterns for the BCZNB
ceramics with the maximum Qf at each composition. No
secondary phase appears, the B2O3 is not detected due to the
low content. The amplified patterns at 10e20 indicate that
the (100) ordering peak becomes sharper for the sample with
0.25 mol% B2O3, and the sharpness slightly decreases again
for the sample with 0.5 mol% B2O3. It indicates that the cat-
ions ordering is enhanced due to the addition of 0.25 mol%
B2O3 and degraded again due to the addition of 0.5 mol%
B2O3. Ts for BCZNB ceramics with 0.25 mol% B2O3 lies
below Toed, therefore, cations ordering is able to take place in
a diffusion way and get enhanced consequently during the
whole sintering process. Although the Ts for BCZNB ceramics
with 0.5 mol% B2O3 lies below Toed, it is lower than that for
BCZNB ceramics with 0.25 mol% B2O3, the cations ordering
is thus less kinetically favored and turns to decline again. The
SEM images (see Fig. 9) indicate that the addition of B2O3
reduces the grain size and homogenizes the grain distribution.Fig. 7. Relative density (a) and Qf (b) of Ba[(Co0.6Zn0.4)1/3Nb2/However, the grain configurations of BCZNB ceramics with
0.25 mol% and 0.5 mol% B2O3 are rather similar while they
possess different Qf values, implying that the grain configu-
ration does not dominate Qf. It is concluded that the
enhancement of cations ordering due to the reduced Ts is
responsible for the improvement of Qf for the sample with
0.25 mol% B2O3. The cations ordering process during sin-
tering at a temperature below Toed results in an increase of
ordering degree, implying that a higher fraction of Zn/Co and
Nb cations occupy the B0 and B00 sites, respectively, repeating
in a {B0B00B0B00 … } sequence in the <111>c direction of
crystal lattice. The increase of ordering degree enhances the
crystal lattice rigidity and reduces the anharmonic lattice
forces during the interaction in the microwave electromagnetic
field, the microwave dielectric loss is thus reduced and higher
Qf can be obtained. Fig. 10 shows εr and tf for BCZNB ce-
ramics. When B2O3 content increases, εr exhibits a slight
decrease, and tf also undergoes a slightly negative shift. The
microwave dielectric properties (i.e., εr ¼ 34.0,
Qf ¼ 50,400 GHz, tf ¼ 5.5 5.5  106/C) are obtained for
the BCZNB ceramics with 0.25 mol% B2O3 sintered at a lower
temperature.
4. Conclusions
The quenching method was effective for determining the
orderedisorder temperature (Toed) of Ba[(Co0.6Zn0.4)1/3Nb2/3]
O3 ceramics. The samples quenched at 1400e1425
C were
well-ordered, while the samples quenched at 1450e1475 C
were poorly-ordered, and Toed was determined to be between
1425 and 1450 C which was lower than the densification
temperature (Ts). An orderedisorder transition endothermic
peak occurred in the DTA curve, the temperature corre-
sponding to this peak agreed well with Toed determined by the
quenching method. B2O3 effectively decreased Ts and tailored
the microwave dielectric properties. For the ceramic with
0.25 mol% B2O3, Ts was decreased to 1400
C, the cations
ordering was enhanced and Qf was improved. The addition of3]O3-xB2O3 ceramics as functions of sintering temperature.
Fig. 8. XRD patterns of Ba[(Co0.6Zn0.4)1/3Nb2/3]O3-xB2O3 ceramics: (a) 2q ¼ 10e80, (b) amplified 2q ¼ 10e20.
Fig. 9. SEM images of Ba[(Co0.6Zn0.4)1/3Nb2/3]O3-xB2O3 ceramics: (a) x ¼ 0, sintered at 1450 C/3 h, (b) x ¼ 0.25 mol%, sintered at 1425 C/3 h,
(c) x ¼ 0.25 mol%, sintered at 1400 C/3 h.
99T.L. Sun, X.M. Chen / J Materiomics 2 (2016) 94e1000.5 mol% B2O3 further decreased Ts to lower than 1350
C,
however, it decreased the ordering degree and Qf. εr and tf
exhibited a slight decrease when B2O3 content increased. The
microwave dielectric properties (i.e., εr ¼ 34.0,
Qf ¼ 50,400 GHz, tf ¼ 5.5  106/C) were obtained for the
Ba[(Co0.6Zn0.4)1/3Nb2/3]O3-0.25 mol%B2O3 ceramics sintered
at a lower temperature.Fig. 10. εr and tf of Ba[(Co0.6Zn0.4)1/3Nb2/3]O3-xB2O3 ceramics as functions
of x.Acknowledgment
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